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Parity resolved state-to-state cross sections for inelastic scattering of OH (X 2n )  by HCl were 
measured in a crossed molecular beam experiment at the collision energy of 920 cm-1. The OH 
(X 2n )  radicals were prepared in a single quantum state, Q = 3 /2 , J= 3 /2 , M j= 3 /2 , f, by means of 
electrostatic state selection in a hexapole field. The rotational distribution of the scattered OH 
radicals by HCl was probed by saturated LIF spectroscopy of the 0-0 band of the A  22 + - X 2n  
transition. Relative state-to-state cross sections were measured for rotational excitations up to J  
= 9 /2  within the Q = 3 /2  spin-orbit manifold and up to J = 7 /2  within the Q  = 1 /2  spin-orbit 
manifold. A propensity for spin-orbit conserving transitions was found, but no propensity for 
excitation into a particular A-doublet component of the same rotational state was evident. The data 
are presented and discussed in comparison with results previously obtained for collisions of OH 
with CO (£ ’coll=450 cm-1) and N 2 (£coll=410 cm-1) and with new data we have measured for the 
OH + CO system at a comparable collision energy (£coll=985 cm-1). This comparison suggests that 
the potential energy surface (PES) governing the interaction between OH and HCl is more 
anisotropic than the PES’s governing the intermolecular interaction of OH with CO and N 2.
© 2005 Am erican Institute o f  Physics. [DOI: 10.1063/1.1846692]
I. INTRODUCTION
Due to its abundance and reactivity, the OH radical is 
responsible for many chemical processes relevant for atmo­
spheric and combustion chemistry.1,2 Reactions of OH with 
H2 and CO are important steps in the reaction chain of 
hydrocarbon/air flames. Concerning the chemistry of the 
Earth’s atmosphere, reactive OH acts as an efficient scaven­
ger for trace pollutants present in the troposphere and strato­
sphere. Reactions of OH with hydrogen halides, which are 
the major sinks for the halogens from the atmosphere that 
can participate in catalytic ozone destruction in the strato­
sphere, are known to be efficient reconverters o f the halogens 
to the active forms. In particular, the O H +H C l reaction is 
the primary process that releases active chlorine in the atmo­
sphere. Therefore, the rate of chlorine release from HCl con­
trols the steady state Cl concentration in the stratosphere. In 
addition, the formation of HCl serves as the predominant 
chain termination step for the ClO* catalyzed destruction of 
ozone.
The important role played by the O H +H C l reaction in 
the atmospheric chemistry has given rise to a wealth of ex-
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perimental and theoretical studies of the reaction dynamics 
of this system. Quantitative information on the reactivity of 
the O H +H C l system is provided by an extensive set o f ki­
netic experiments in which temperature dependent rate con­
stants were measured in a wide temperature range.310 The 
several theoretical studies reported to date, approached the 
O H +H C l system at different levels of theory in order to 
develop the Potential Energy Surface (PES) governing the 
interaction and to calculate rate constants and reaction cross 
sections.1115 Clary et a l,n performed quantum scattering 
calculations using the Rotating Bond Approximation (RBA) 
and a semiempirical potential energy surface with a classical 
energy barrier o f 0.25 kcal/mol. Steckler et a l u  applied 
variational transition-state theory using scaled ab initio  elec­
tronic structure calculations to determine the minimum en­
ergy path (MEP). Using the Coupled Cluster with Single, 
Double, and Triple excitation method (CCSD(T)/PVQZ) 
method they obtained a vibrational adiabatic ground-state re­
action barrier (Vf )  of 2.65 kcal/mol. Yu and Nyman13 car­
ried out dynamical calculations using the RBA approach on a 
new PES obtained by interpolation of ab initio  energy values 
computed using the Unrestricted M 0ller-Plesset method 
(UMP2) and scaling correction. The ground-state surface 2A ' 
calculated by Yu and Nyman exhibits a deep van der Waals 
well o f -5 .46 kcal/m ol relative to the O H +H C l reactants 
possibly due to the strong dipole-dipole interactions and an 
early barrier ( Vf) of 2.32 kcal/mol. The most recent theoret­
122, 074319-1 © 2005 American Institute of Physics
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FIG. 1. The schematic representation of the experimental setup used to measure state-to-state inelastic collisions.
ical calculations14’15 used the Large Angle Rotating Bond 
(LAGROBO) functional formulation of the interaction be­
tween OH and HCl in order to produce the PES. Parameters 
of the PES were adjusted in order to minimize the difference 
between the values of the rate constants obtained using qua- 
siclassical trajectory (QCT) calculations and experimental 
values. The best agreement with experiments was obtained 
for a PES with a classical barrier o f 2.43 kcal/m ol and a van 
der Waals well of -5 .45 kcal/mol.
The connection between reactive and inelastic scattering 
for systems with highly attractive PES like O H +H C l is quite 
strong because the alternate complex formation/ 
decomposition route to the inelastic process can also be re­
garded in a broader sense as a reactive event. A systematic 
study of both types of collisions is particularly fruitful in 
revealing the multifaceted nature of the collision dynamics 
and in testing the PES’s developed to describe it. In spite of 
the great number of studies concerning the reactivity of this 
system’ no experiments were reported so far for the state-to­
state scattering of OH by HCl and the development of a PES 
suitable for calculations on the non-reactive channel was just 
lately approached.16 Very recently, close coupling scattering 
calculations and quasiclassical trajectory calculations were 
performed by Klos et al. using only the 7sum (see Sec. V) of 
the PES, the results of which were compared with our ex­
perimental cross sections by ignoring their fine-structure.17 
Currently the accuracy of different features of this PES is 
refined in order to allow for state-resolved quantum scatter­
ing calculations.
In this paper we present a study of the inelasticity of the 
scattering of OH (X 2n )  by HCl ( X :2+) in a crossed molecu­
lar beam set-up at collision energies around 920 cm-1. Prior 
to collisions, the OH radicals are selected in a single quan­
tum state, i.e., O  = 3 /2 , J = 3 /2 , M j  = 3 /2 , f. In the absence of 
other experimental and theoretical information concerning 
inelastic collisions of OH with HCl, we compare our data 
with results previously obtained by using a similar experi­
mental set-up for the collisions of OH with CO (£coll 
= 450 cm-1) and N 2 (£coll=410 cm-1). In order to make the 
comparison more relevant, we performed new measurements 
on the O H +C O  system at a collision energy £ coll 
= 985 cm-1, comparable to that used in the O H +H C l experi­
ments. Relative state-to-state cross sections were measured 
for rotational excitations up to J = 9 /2  within the O = 3 /2  
spin-orbit ladder and up to J = 7 /2  within the O  = 1 /2  spin­
orbit ladder. Information on the anisotropy of the interaction
potential is inferred from the observed propensities for scat­
tering into a particular A-doublet state, e or f. Additional 
information on the PES anisotropy will be reported in a sub­
sequent paper investigating the effect of the relative orienta­
tion of the collision partners on the collision outcome. Fa­
vorable orientations of the OH molecule with respect to HCl 
may enhance possible competing effects implying reactive 
collisions when the collision energy exceeds the reaction bar­
rier.
II. EXPERIMENTAL SET-UP
The experiments were carried out in a crossed molecular 
beam machine which is described extensively in previous 
papers18-21 and schematically depicted in Fig. 1. Therefore, 
we will only give a brief description highlighting the features 
relevant to the experiments reported here. Both molecular 
beams were obtained by using pulsed current loop valves 
(Jordan Inc.) with a pulse width of 4 0 -5 0  ^s . The OH beam 
was produced by means of a pulsed discharge in a mixture of 
about 4% H 2O vapor and Ar (backing pressure of 600 Torr) 
established at the exit of a 0.2 mm diameter nozzle. The 
rotational cooling (Trot «  35 K) created in the supersonic ex­
pansion was insufficient for accurate state-to-state scattering 
measurements. In order to improve the initial state prepara­
tion we used the electrostatic state selection method to pre­
pare the OH radicals in a single quantum state. An extensive 
description of this method is given in Refs. 21-24. For this 
purpose, a system consisting of a double hexapole combined 
with a beam stop and a diaphragm was used to focus only the 
OH radicals in the O = 3 /2 , J= 3 /2 , M j= 3 /2 , f  state, into the 
collision region located 36 cm away from the nozzle exit. A 
positive voltage of 23 kV was applied to every other rod of 
the hexapoles, while the other rods were grounded. The ini­
tial state distribution was determined from saturated Laser- 
Induced Fluorescence (LIF) measurements of the appropriate 
rotational transitions of the A  22 +(v' = 0 ) - X 2n (u " =0) sys­
tem. It was found that 93.3% of molecules were in the O 
= 3 /2 , J = 3 /2 , f  state, 4% in the O  = 3 /2 , J= 5 /2 , f  state with 
the remaining molecules being distributed over different ro­
tational states (less than 0.5% per quantum state). The ratio 
of M j  state populations, |Mj=3/2|/ |Mj=1/2|, in the J = 3 /2  state 
was determined to be 15.8. The velocity of the OH beam was 
determined to be 885 m /s  with a spread (FWHM) of 
160 m /s  from LIF measurements of the time-dependent OH 
distribution at different distances from the nozzle. The HCl
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beam was obtained by expanding pure HCl through a 
0.5 mm diameter nozzle. A stagnation pressure of 
530±30 Torr was chosen to ensure the single collision re­
gime. A rotational temperature of 20 ±5 K was inferred from 
REMPI (1 + 1') measurements of the V '2  - X '2+  transition 
at 118 nm. At a distance of 85 mm from the nozzle exit, the 
HCl beam was crossed at right angle by the OH beam. For 
this geometry, the collision energy was estimated to be 
920 cm-1 with a spread at FWHM of 250 cm-1.
The collision outcome was probed by measuring the OH 
population distribution over the different rotational states of 
the ground electronic state using the saturated LIF method. 
The radiation of 308 nm used for the excitation of the (0-0) 
band of the A  22 + - X 2n  transition was obtained by fre­
quency doubling the output o f a dye laser (Continuum TDL- 
60) operating with Sulforhodamine 640 and pumped by a 
Nd:YAG laser (Continuum 681 C). The laser pulse energy 
was attenuated to 0 .5 -0 .8  m J/pulse to avoid power broad­
ening effects. Hence, the spectral resolution was limited by 
the laser bandwidth at 0.45 cm-1. Light baffles were used to 
define a homogeneous detection region, by cutting off the 
low-energy laser wings, which would not have allowed satu­
rating the transition. The population of the upper A-doublet 
states, states of f  symmetry, was probed by Qj or P2 transi­
tions whereas the population of the lower A-doublet states, 
states of e symmetry, was probed by Pj or Q2 transitions. 
Because the Q2(2) and Q2(3) lines cannot be resolved within 
the laser bandwidth, the populations of both states, f t  = 1 /2 , 
J = 3 /2 , e and f t  = 1 /2 , J= 5 /2 , e, were measured simulta­
neously. The OH fluorescence signal was collected by a sys­
tem of lenses, spatially filtered by a diaphragm and imaged 
onto a photomultiplier tube (EMI 9235QB). A black cone 
and a Schott UG-11 filter were inserted in front of the imag­
ing optics with the purpose of suppressing stray light and 
visible radiation emitted in the discharge. The signal was first 
amplified 5 times and then integrated with a gated boxcar 
averager. All measurements were performed at 10 Hz with 
the laser wavelength parked at the transition peaks. The dis­
crimination between the initial state population and the col­
lision induced population was made by modifying the delay 
of the HCl beam every 128 laser shots from 0 to 10 ms. For 
each measurement, an averaging over 1000 laser shots was 
performed in order to obtain the collision signal. Generally, 
5-15 measurements were performed for each rotational state. 
The measurement errors were in the order of 5%-10%  for 
most of the rotational states, except for the states with 
weaker excitation cross sections for which they ranged up to 
roughly 40%.
III. DATA ANALYSIS
As shown previously,25 the relative state-to-state colli­
sion cross section, for scattering out o f the initial state
i  into a final state f  can be calculated using the following 
formula:
8S„,
a ----------- ----------, (1)
n, • Lff'  • Pff '  • F f  w
in which SSff ' represents the scattering signal, obtained by 
subtraction of the fluorescence signal corresponding to the 
initial population from the fluorescence signal corresponding 
to the final population of the state f, n t represents the popu­
lation density of the initial state before collisions, L ff' repre­
sents the rotational line strength of the transition used to 
probe the f  state, P ff' is the laser power at the excitation 
frequency and F  is the flux-to-density transformation factor. 
Because the scattering signals were measured under satura­
tion conditions, the L f f  and P ff ' factors are, in fact, indepen­
dent of the rotational states probed and can be ignored. The 
detection geometry employed in this experiment allows us to 
ignore the flux-to-density transformation as the dimension of 
the laser spot exceeds the interaction region ensuring the 
detection of all the scattered molecules. Another argument in 
favor of neglecting the flux-to-density transformation is the 
relatively small difference, less than 40%, in the kinetic en­
ergy release for the molecules scattered over different rota­
tional states. In the saturation limit and in the absence of a 
well defined laser polarization, the rotational state popula­
tions can be directly determined from the fluorescence sig­
nals by dividing them by the excitation rate factors,26-28
2 J  + 1
f  = ---------------------------  (2)
( 2 J  + 1) + ( 2 J  +1)
where J '  and J '  represents the initial and the final state ro­
tational quantum number of the transition, respectively. 
When the p-doublet splitting was not resolved, the saturation 
of both main and satellite lines was taken into account for the 
calculation of the excitation rate factor.
Therefore, according to these considerations, relative 
cross sections can be derived directly from the ratios be­
tween the collision induced populations of the f  state and the 
population of the initial state, ‘, before collisions. In the de­
termination of the relative state-to-state cross sections, we 
have assumed that the scattering signal is due only to the 
scattering of molecules out o f the f t = 3 /2 , J= 3 /2 , f  state. 
Contributions to the scattering out of f t  = 3 /2 , J= 5 /2 , f  state 
or other weakly populated states were ignored as their con­
tribution was estimated to be insignificant. In turn, the out­
scattering from f t = 3 /2 , J= 5 /2 , f  was accounted for in the 
calculation of the relative cross section for the excitation into 
this rotational state. Hereto, it was assumed that the percent­
age of outscattered molecules from the J= 5 /2 , f  state was 
the same as for the scattering from the J= 3 /2 , f  state.
The final values for the relative state-to-state cross sec­
tions were obtained from averages over a different number of 
measurements. Since the error bars of the individual mea­
surements for the same rotational state were different, we 
have used a weighted statistical analysis.
IV. RESULTS AND DISCUSSIONS
The values of the relative integral state-to-state cross 
sections measured in this experiment are listed in Table I and 
shown graphically in Fig. 2. They are presented together
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TABLE I. Relative state-to-state cross sections for inelastic collisions of OH with HCl presented in comparison with cross sections obtained for the scattering 
of OH by CO and N2 (Ref. 20). The cross sections for OH +CO and OH+N2 are scaled to each other as described in Ref. 20, but no scaling procedure was 
performed for OH+HCl cross sections. The errors represent one standard deviation and for OH+HCl were obtained by a weighted statistical analysis.
Final state OH+HCl OH+CO OH+N2
n J G £coll=920 cm-1 £coll=450 cm-1 £coll=410 cm-1
3/2 3/2
5/2
5/2
7/2
7/2
9/2
9/2
e
e
f
e
f
e
f
55.36± 1.43 
6.28±0.21 
6.48±0.28 
1.76 ±0.15 
1.75 ± 0.16 
0.49±0.10 
0.82±0.30
50±5 
5.2±0.6 
4.0±0.4 
1.10 ± 0.11 
1.22 ± 0.13 
0.77±0.03 
0.12±0.04
40±4
4.9±0.5
1.96±0.20
0.74±0.08
0.71±0.08
0.27±0.06
0.07±0.01
1/2 1/2 
1/2 
3/2 and 5/2 
3/2 
5/2 
7/2
e
f
ae
f
f
e
1.49±0.08
1.47±0.20
1.78±0.12
0.83±0.08
1.3±0.24
0.87±0.10
1.46± 0.15 
1.23 ± 0.13 
1.02±0.11 
0.71 ±0.09 
0.45±0.05
1.4±0.3
1.00±0.10
0.67±0.07
0.56±0.08
0.08±0.04
aThe measured cross section contains contributions from both 3/2 e and 5/2 e states as the absorption lines used to probe them could not be resolved within 
the laser bandwidth.
with the cross sections measured for inelastic scattering of 
OH by N 2 and CO.20 As can be noted from the table, rota­
tional excitation of the OH radical into states up to J = 9 /2  of 
the same spin-orbit ladder, f t = 3 /2 , and J = 7 /2  of the upper 
spin-orbit ladder, f t  = 1 /2 , could be detected within the sen­
sitivity of this experiment. The maximum internal excitation 
requires only approximately 40% of the available collision 
energy of 920 cm-1. The rotational energy transfer (RET) 
seems low in comparison to that measured for O H +N 2 and 
OH + CO collisions, for which the maximum conversion cor­
responds to 83% and 75% of the available collision energy of 
410 cm-1 and 450 cm-1, respectively. Similar high conver­
sion rates of the collision energy into internal excitations 
were obtained for OH collisions with He, Ar, and CO2 at low 
collisions energies,18-20 and for NO collisions with He and 
Ar.29 Besides a genuine “inefficient” RET, several other fac­
tors may be responsible for this low conversion rate. Gener­
ally, the S /N  ratio for the measurements of the excitation 
into higher J  states, for which the cross sections are smaller, 
is decreasing making the detection difficult. Moreover, for 
the O H +H C l system, we also have to take into account that 
for collision energies above the reaction barrier, reactive pro­
cesses may play a role in the dynamics. The reaction barrier 
was predicted to lie between 850 and 915 cm-1, but some 
comparisons of the TS rate constants to the experimental 
values suggested that the real value might be as low as 
350 cm-1.11-15 Therefore, the collision energy of 920 cm-1 
used in this experiment is likely to exceed the reaction bar­
rier. If  reactions do take place, the collision-induced popula­
tions of higher rotational states may drop below the detection 
limit.
As can be seen from Fig. 2, the behavior of the relative 
cross sections with the amount of rotational excitation, A £rot, 
appears to obey an energy gap law: its magnitude is decreas­
ing as AErot increases. This is qualitatively similar to the 
trend obtained for O H +C O  and O H +N 2 collisions, except 
for the values measured for excitation into higher rotational
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TABLE II. Polarity of HCl vs CO and N2.
Polar character HCl CO N2
Dipole moment (D) 1.09 0.11 0
Quadrupole moment (10-26 esucm2) 3.5 -2.7 -1.4
Polarizability (10-24 cm3) 2.63 1.95 1.74
states of the f t  = 1/2 spin-orbit ladder. The A-doublet cross 
section for the de-excitation from the f t = 3 /2 , J= 3 /2 , f  state 
into the f t = 3 /2 , J= 3 /2 , e state is larger than expected from 
an energy gap law dependence even for a small A-doublet 
splitting. This effect was also observed for OH molecules 
colliding with CO and N 2 as well as other atomic or di- and 
triatomic partners, except for He.18-21 A propensity for spin­
orbit conserving transitions is apparent when similar 
amounts of rotational excitation are considered. Generally, 
the same propensity was found for collisions of OH with Ar, 
He, N 2, CO, and CO2.18-21 Notably, for the O H +H C l sys­
tem, no evident propensity for excitation into a particular 
A-doublet component of the same rotational state was mea­
sured except perhaps for the f t = 3 /2 , J = 9 /2  state. The same 
behavior was found for collisions of OH with CO, but not for 
collisions with N 2 or atomic partners, Ar and He,18-21 for 
which the propensity for scattering into rotational states of e 
symmetry is very marked. If the de-excitation into the f t  
= 3 /2 , J= 3 /2 , e state is not taken into account, the ratios 
between the sum of the cross sections for scattering into 
states o f e symmetry and the sum of the cross sections for 
scattering into states of f  symmetry within the same spin­
orbit ladder, f t  = 3 /2 , are 0.94, 1.2, 2.2, 9.4, and 6.3 for col­
lisions with HCl, CO, N2, Ar, and He, respectively. The same 
trend of the e/ f  cross section ratio was found for scattering 
into the f t  = 1 /2  spin-orbit component, though the propensity 
is weaker: 0.91, 1.0, 1.3, 2.3, and 2.6. It seems that the e/ f  
cross section ratios are in line with the polarity of the colli­
sion partner. The most spherical symmetric collision partner 
has the highest propensity for scattering into states of e sym­
metry, while for the most polar molecule there is no propen­
sity.
In the absence of theoretical calculations, absolute inte­
gral state-to-state cross sections cannot be extracted from the 
measurements. Concerning the absolute magnitudes of the 
state-to-state cross sections for the O H +H C l collisions, one 
should expect higher values than for the other two systems, 
given the stronger polar character and the higher polarizabil- 
ity o f HCl as compared with CO and N 2 (see Table II) and 
the consequently stronger intermolecular interactions. From 
Table I, it would appear that the cross sections for OH 
+HCl are larger for the same final state J  than those for the 
other two systems listed. However, given that the tabulated 
values represent relative cross sections and that both the col­
lision energies and the beam densities were quite different in 
the three sets of experiments, a genuine quantitative com­
parison is not possible. For a quantitative comparison, new 
measurements were performed for the O H +C O  system un­
der the same experimental conditions and thus at comparable 
collision energies. The relative state-to-state cross sections 
for the O H +H C l system are presented together with the new
TABLE III. Relative state-to-state cross sections for inelastic collisions of 
OH with HCl and CO. The errors represent one standard deviation and for 
OH + HCl were obtained by a weighted statistical analysis.
Final state OH+HCl OH+CO
n  J G £coll=920 cm-1 Ecoll=985 cm-1
3/2 3/2 e 55.36± 1.43 40.48±0.90
5/2 e 6.28±0.21 5.75±0.16
5/2 f 6.48±0.28 4.34±0.20
7/2 e 1.76 ±0.15 1.88±0.07
7/2 f 1.75 ± 0.16
9/2 e 0.49±0.10 0.44±0.05
9/2 f 0.82±0.30 0.27±0.07
1/2 1/2 e 1.49 ± 0.08 1.64±0.10
1/2 f 1.47±0.20 1.23±0.12
3/2 and 5/2 ae 1.78±0.12 1.70±0.12
3/2 f 0.83±0.08 0.82±0.09
5/2 f 1.3±0.24 0.92±0.11
7/2 e 0.87±0.10
aThe measured cross section contains contributions from both 3 /2 e and 5 /2
e states as the absorption lines used to probe them could not be resolved
within the laser bandwidth.
data obtained for collisions of OH with CO in Table III and
Fig. 3. In order to make the comparison meaningful, we have
scaled the two sets of data using the following expression for
the absolute scattering signal:
Sf  = C  Í ^ rel(x)«secU)«OH(x)dx, (3)
J coll. area
where C  is a constant related to the LIF detection efficiency,
c r ^ f  is the absolute cross section, urel(x) is the relative ve-
locity between the collision partners, and nsec'(x) and «ohU)
represent the densities in the collision region of the second-
ary beam and OH beam, respectively. Since the masses of
CO and HCl are not very different, it seems reasonable to
assume that their flow patterns and hence the spatial depen­
dences of the densities are the same. Furthermore, since the 
two molecular beams were obtained under the same condi­
tions, their densities, nsec(x), can be replaced by the product 
p 0 • d2, where p 0 is the backing pressure and d  the nozzle 
diameter, which is the same for both experiments. The den­
sity o f the OH beam is the same in both experiments and the 
average relative velocities for the two systems differ by only 
10%, which is within the experimental uncertainty of our 
measurements. We may omit the spatial integration and ap­
proximate the factors within the integral by their average 
values. The resulting simplified form of relation (3) may be 
used to correlate the relative state-to-state cross section (1) to 
the absolute cross sections:
rel r i ^  f t  relnsecnOH /<\^ -------------------- . (4)
ni
For the reasons mentioned above, the relative velocities, the 
OH beam densities and the populations of the initial state 
from this expression, may be assumed to be approximately 
the same for O H +H C l and O H +C O  collisions, and conse­
quently ignored. In order to get an estimate of the magnitude 
of the absolute cross sections relative to each other, the mea-
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FIG. 3. Rotational dependence of the relative state-to-state cross sections for 
inelastic collisions of OH with HCl and CO at collision energies of 
920 cm-1 and 985 cm-1, respectively. The final spin-orbit state and the 
A-doublet symmetry are indicated at the top each panel. The cross sections 
for the OH + CO system are obtained by scaling as described in the text.
sured relative cross sections for CO were normalized to those 
for HCl simply by scaling the results with the backing pres­
sures used in the experiments. The values obtained by this 
procedure are listed in Table III and plotted in Fig. 3. Within 
the limits o f the above assumptions it can be concluded from 
Fig. 3 that the cross sections for collisions of OH with HCl 
are larger than those for collisions with CO as predicted. 
Unfortunately, no reliable comparison can be made between 
the cross sections measured at different collision energies for 
the O H +C O  system. The two data sets cannot be scaled to 
each other due to the fact that they were obtained under 
different experimental conditions.
V. RELATION WITH THEORY
The magnitude of the inelastic cross sections and the 
scattering propensities are reflections of the shape of the po­
tential energy surface (PES) governing the interaction be­
tween the collision partners. Considering the complexity of 
the quantum treatment of a 4-atom system, the development
of a full dimensional PES is a very demanding task and the 
prior knowledge of the cross sections may be helpful in re­
fining different features of the PES.
OH is an open shell molecule with a 2n  ground state. In 
the absence of external fields, the doublet state is degenerate, 
but the approach of the collision partner lifts this degeneracy, 
giving rise to two electronic potential surfaces on which the 
collision takes place. If the collision partner is spherically 
symmetric (e.g., Ar), the colliding particles occupy the same 
plane and the two potential surfaces have either A' or A" 
symmetry with respect to the reflection of the spatial electron 
coordinates relative to the triatomic plane. For a molecule 
with a t 3 electronic configuration, as is the case for the OH 
radical, the A ' symmetry corresponds to a distribution of the 
single filled t  orbital in the scattering plane and to a distri­
bution of doubled filled t  orbital perpendicular to this plane, 
whereas for the A " symmetry the orbital distribution will be 
the opposite.30 The corresponding PES’s defined in the body- 
fixed (collision) frame may then be labeled by VA' and VA„, 
according to their symmetry. However, when the collision 
partner is not spherically symmetric, as for the interaction of 
OH with HCl, CO or N 2, there is in general no plane of 
symmetry. If we restrict the discussion only to planar colli­
sion geometries it will be possible to use the above notation 
for the PES’s and to use the scattering formalism described 
by Alexander30 employing the PES’s under the following 
forms:
Vsum = 2 (Va' + Va '') , 
Vdif=1 (Va' -  Va')  .
(5)
(6)
They represent the matrix elements of the transformation be­
tween the adiabatic PES’s, VA, and VA„ and the diabatic 
PES’s n (A ')  and n(A") defined in the product molecular 
frame. The angular and radial dependence of the sum and the 
difference potential can be expressed as25
Vsum(R,0) = S VB(R)d0o(0)
1=0
VdifR 0) = S Va (R )d‘ß (0) ,
=2
(7)
(8)
where d00(0) and d20(0) represent reduced rotation matrix 
elements31 and are proportional to regular and associated 
Legendre polynomials, respectively, and Vl0(R) and V2 (R) 
are expansion coefficients which describe the radial depen­
dence of the potentials and therefore, contain information on 
the anisotropy of the PES. Coefficients with even l  contribute 
to the potential surface which is head-tail symmetric with 
respect to the OH molecule orientation while terms with odd 
contribute to the potential surface which is head-tail asym­
metric. The scattering matrix depends explicitly on the 
Vl0(R) and Vl2(R) coefficients.32 Consequently, an estimation 
of their relative magnitude can be obtained from the values 
of the relative cross sections. In the case of the O H +H C l and 
OH + CO systems, this estimation is only valid for the case of 
planar geometries. It has been found at different levels of 
theory12,14,15 that for the OH-HCl interaction the most stable 
van der Waals complex has a planar geometry. Thus, the
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information deduced from the relative cross sections should 
describe the potential in the vicinity of the van der Waals 
minimum if this region of the PES dominates the collision 
process.
It was shown that for a pure Hund’s case (a) coupling 
and a triatomic collision system, the spin-orbit conserving 
transitions are governed by the sum potential, Vsum, and the 
spin-orbit changing transitions are governed by the differ­
ence potential, Vdif. OH can be treated as Hund’s case (a) 
only for the lowest rotational levels. We therefore expect that 
the magnitude of the A-doublet cross section to be deter­
mined by the Vl0(R) coefficients with odd l  index, respon­
sible for the change in the A-doublet symmetry, with the 
biggest contribution being made by V10(R). Comparing the 
magnitude of the relative cross sections for the J= 3 /2 , 
A-doublet transitions in the O H +H C l system and in the 
O H +C O  system, one can deduce that the V10(R) term is 
larger for collisions of OH with HCl and therefore that its 
PES is more anisotropic. According to the expression for the 
scattering matrix from Ref. 32, the excitation into the O 
= 1/2, J = 1 /2  states can only be induced by the l=  1 term of 
the potential responsible for a change in symmetry [ V10(R)] 
and the l = 2 terms of the potential responsible for symmetry 
conserving transitions [V20(R)] and [V22(R)]. The ratio be­
tween the cross section for scattering into the O  = 1 /2 , J  
= 1/2 state of e symmetry to the cross section for scattering 
into the O  = 1 /2 , J = 1 /2  state of f  symmetry is almost equal 
to unity. On the basis that the lower-order terms of the Vl0(R) 
and the Vl2(R) have the same sign and that the contribution 
of V10(R), V20(R), and V22(R) terms are -0 .07, -0 .06, and 
+0.44, respectively,32 we infer that the V10(R) term is stron­
ger than the other two terms. For OH + CO collisions, a pro­
pensity for the O  = 1 /2 , J= 1 /2 , e state is observed at both 
collision energies, indicating relatively larger V20(R) and 
V22(R) terms compared to V10(R). Once again, this is point­
ing towards a stronger anisotropy of the PES governing the 
O H +H C l interaction as compared to the PES governing the 
O H +C O  interaction. One can notice that already for the 
transitions into O  = 1 /2 , J= 1 /2 , e the Vsum potential has a 
small contribution to the scattering through V22(R) term. The 
interpretation of the cross sections for higher rotational states 
for which the OH molecule can be treated as an intermediate 
case (a)-(b) or a pure case (b) of Hund has to include the 
contributions of both Vsum and Vdif. An estimation of the 
magnitude of higher terms of the PES from the comparison 
of the A-resolved cross sections for excitation into higher 
rotational levels is complicated by the contributions of sev­
eral terms to each of them.
The anisotropic character of the potential seems to be 
consistent with the results o f theoretical calculations, which 
predict the most stable structure of the van der Waals com­
plex to be formed at the O-side, ClH-OH. This complex 
would have a quasilinear structure with the angle between 
the OH bond axis and the intermolecular axis close to the 
bond angle in H 2O. The depth of the van der Waals well was 
estimated to be in the range 870-1900 cm-1.14-16,33 For the 
interaction between OH and CO, it was shown experimen­
tally and theoretically that two linear complexes, OH-CO 
and OH-OC, may be formed, with a dissociation energy, De,
of 700-800 cm-1 and 400-500  cm-1, respectively.34-36 The 
e/ f  propensities in OH + CO collisions for excitation of OH 
into the n  = 1 /2 , J = 1 /2  and n = 3 /2 , J = 5 /2  states indicate a 
preference for transitions into rotational states of e symme­
try. In terms of interaction potential this corresponds to stron­
ger even l  terms and consequently to a higher head tail sym­
metry of the PES than in the O H +H C l interaction. Hence, a 
weaker anisotropy of the potential is expected for the inter­
action of the OH with CO than for the interaction with HCl.
VI. SUMMARY
In this paper we report relative state-to-state cross sec­
tions for inelastic scattering of OH (X 2n )  by HCl ( X '2+), 
measured at a collision energy of 920 cm-1. Prior to the col­
lisions, the OH radicals are prepared in a single quantum 
state, n  = 3 /2 , J= 3 /2 , f, by means of rotational cooling in a 
supersonic expansion followed by an electrostatic state selec­
tion. In the absence of other experimental and theoretical 
data concerning this system, the results are compared in a 
qualitative manner with results previously obtained for the 
collisions of OH with CO (Ecoll=450 cm-1) and N 2 (Ecoll 
= 410 cm-1) under similar experimental conditions. To allow 
for a quantitative comparison, we have also performed new 
measurements for the O H +C O  system (Ecoll=985 cm-1) us­
ing the same experimental set-up. As noted previously, for 
collisions of OH with CO and N 2, there is a propensity for 
spin-orbit conserving transitions that tends to decrease with 
the amount of the rotational excitation. With respect to the 
A-doublet symmetry, in the collisions of OH with HCl, no 
propensity is found, except for the case of excitation to the 
highest detected rotational state (J= 9 /2 ) of the same spin­
orbit ladder ( n = 3 /2 ), for which there is perhaps a prefer­
ence for excitation into the rotational state of f  symmetry. 
This behavior is notably different from that for collisions of 
OH with N 2, for which a propensity for symmetry changing 
excitation was found, similarly to the collisions with spheri­
cal partners studied in earlier work. For the OH + CO system, 
the propensity for symmetry changing excitations is much 
weaker and mainly apparent at low rotational excitations. 
This lack of preference for a A-doublet state is related to the 
shape of the PES governing the collision process and sug­
gests that the PES is less head-tail symmetric with respect to 
the OH orientation for the interaction with HCl than for that 
with CO and N2. More conclusive information regarding the 
anisotropy of the PES is obtained from measurements of the 
steric dependence of the state-to-state cross sections, which 
will be the subject of a subsequent paper
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